Abstract. Chlorophenols are compounds with high toxicity, poor biodegradability, and carcinogenic and recalcitrant properties. This work studies, for the fi rst time, the destruction and detoxifi cation of 2-chlorophenol (2-CP) in water using 60 Co gamma radiation under different conditions including varied radiation doses, addition of hydrogen peroxide (H 2 O 2 ), and varied pH values. High-performance liquid chromatography (HPLC) and ion chromatography (IC) confi rmed a successful degradation of 2-CP to primarily yield phenol molecules and chloride anions. A radiation dose as low as 25 kGy achieved approximately 90% removal of 50-150 ppm of 2-CP in neutral water. However, the addition of a strong oxidizer such as H 2 O 2 to 2-CP solutions reduced the required dose to achieve 90% removal to at least 1.3-fold. The reduction in radiation doses was also observed in acidic and alkaline media, reducing the required doses of 90% removal to at least 0.4-fold. It was imperative to study the toxicity levels of the oxidation by-products to provide directions for the potential applicability of this technology in water treatment. Toxicology Microtox ® bioassay indicated a signifi cant reduction in the toxicity of the degradation by-products and the detoxifi cation was further enhanced by the addition of H 2 O 2 and changing the pH to more acidic or alkaline conditions. These fi ndings will contribute to the knowledge of the removal and detoxifi cation of such challenging environmental contaminant and could be potentially applied to other biologically resistant compounds.
Introduction
Chlorophenols are widely used in various industries, including as preservatives in wood manufacturing, in paper industry, in chemical synthesis, and in biodegradation of herbicide and pesticide [1] . These applications lead to considerable level of contamination in wastewater and ground water [2] . Chlorophenols are highly toxic, poorly biodegradable, and present serious health concerns to human and to the environment [3] . Thus, they have been included in both U.S. Environmental Protection Agency and European Union list of priority pollutants [4] .
The search for clean, fresh, and potable water has always been a priority for mankind. The permanent threat to natural environments, resulting from industrial activity and municipal infrastructures, draws signifi cant attention on the development of effi cient technologies for the removal of anthropogenic pollutants and complete destruction of toxic compounds [5, 6] . Traditional wastewater treatment methods such as chlorination, adsorption, coagulation, fi ltration, sedimentation, adsorption on activated carbon, ultrafi ltration, reverse osmosis, and electrocoagulation are versatile and useful technologies [7] . However, they have certain limitations such Degradation and detoxifi cation of 2-chlorophenol aqueous solutions using ionizing gamma radiation as high cost, technologically defi cit, non-destructive, incomplete degradation, and phase change rather than removal and require further treatment [7, 8] .
There is a pressing need for an effective, innovative, cheap, non-selective treatment method to overrule all existing water treatment problems [9] . Numerous methods can be used for the removal of various classes of pollutants from contaminated environmental components. Particularly, advanced oxidation processes (AOPs) include UV photolysis, Fenton, photo-Fenton, ozonation, sonolysis, and photocatalytic approaches [10, 11] . These processes are easy to handle and yield signifi cantly less residual products compared with conventional treatment methods [10, 11] . Highly reactive hydroxyl radicals (OH • ), produced in situ during AOPs, are traditionally thought to be the active species responsible for the destruction of pollutants and break down of complex organic molecules into simpler and less toxic radiolytic fragments, through chain oxidation reactions [12] .
AOP technologies appear to be a promising fi eld of study. They have been reported to be effective for the degradation of soluble organic contaminants in water such as organophosphorus pesticides [13] , antibiotics [14] , coloured dyes [15] , endocrine disrupting chemicals, and pharmaceutical residues [16] .
Furthermore, the oxidizing hydroxyl radicals used for pollutant destruction can also be generated more readily using gamma radiation source such as 60 Co or electron beam. Gamma irradiation has been recently used for radiolytic degradation of pollutants in natural, waste, and drinking waters [17] [18] [19] [20] .
The main objective of this study was to comprehensively explore the potential of ionizing gamma radiation for the destruction of a chlorophenolic compound, which is 2-chlorophenol (2-CP). Previous attempts to decompose and remove other chlorophenolic residues from water were accomplished using non-readily and complicated procedures that produce the oxidizing hydroxyl radicals. These methods include processes based on hydrogen peroxide, photolysis, photocatalysis, and ozone, reviewed by Esplugas et al. [21] . The investigation of the degradation of chlorophenolic compounds including 2-CP using gamma irradiation from 60 Co was reported by other studies and was limited to (a) single target concentration and lacked vital information regarding the relation between target concentration and absorbed doses, (b) not studying the effect of changing the pH value on radiolytic degradation, (c) not covering the effect of adding a strong oxidizing agent such as H 2 O 2 on 2-CP degradation effi ciency, and (d) not investigating the toxicity of degradation by-products in varied pH media or under the effect of a strong oxidizing agent such as H 2 O 2 [22] [23] [24] [25] [26] and others. These limitations are overcome by the present study. It was demonstrated that gamma irradiation alone from 60 Co source with the absorbed doses as low as 25 kGy is suffi cient to remove 90% of 2-CP at an initial concentration in the range of 50-150 ppm in water. Our results indicated that this removal can be accomplished at low irradiation doses in acidic or alkaline media or by introducing H 2 O 2 to the irradiated solutions. It was also demonstrated that the toxicity of radiolytic degradation by-products was greatly reduced by using toxicology Microtox ® bioassay. The toxicity studies were extended to cover various experimental conditions.
Material and methods

Chemicals
2-CP and phenol were procured from Merck, Germany, with 97% and 99% purity, respectively. Acetonitrile of high-performance liquid chromatography (HPLC) grade was supplied by Acros, New Jersey, USA. H 2 O 2 was supplied by Scherlu, Germany. Hydrochloric acid and sodium hydroxide were procured from Merck, Germany. Acetic acid with 99.5% purity was procured from BDH Limited Pool England, UK. All reagents and solutions used for toxicity measurements were purchased from Microtox-sdi, USA. Stock solutions of 2-CP and phenol were made in distilled water followed by dilution to obtain the desired initial concentrations in distilled water. Double-distilled water was obtained from Barnstead E-Pure TM system (USA).
Apparatus
Irradiation sources
A cobalt-60 gamma rays source model Gamma Cell 220 from MDS Nordion, Canada, was used for all irradiation studies. The source was calibrated using aqueous ferrous sulphate (Fricke dosimetry) solution [27] . Dose rate was 9.83 kGy·h −1 and transit dose was estimated to be 12.7 Gy·s . All of the irradiations were conducted at room temperature, 23°C.
High-performance liquid chromatography (HPLC)
2-CP and phenol were performed by reversed-phase HPLC using a Shimadzu chromatograph (10AD VP) with UV-VIS detector (SPD-10AV VP) fi xed to 280 nm wavelength. A C18 analytical column and a guard column from Phenomenex (Torrance, CA, USA) were used to conduct the separation of two targeted compounds. The eluent used was a mixture of acetic acid (43.7 mM) and acetonitrile in the ratio 55:45 with fl ow rate of 1 ml·min −1 [28] . The sample injection volume was 20 l. The 2-CP peak was obtained at a retention time of 8.7 min, while the phenol peak appeared at 2.7 min.
Ion chromatography (IC)
Dionex DX-500 ion chromatograph from Dionex, USA, equipped with conductivity detector (CDD-10A VP, Shimadzu, Japan) and analytical column (Shim-pack IC-A3, 4.6 mm × 15 cm), was used to determine the concentrations of chlorine anion. The eluent used was a mixture of 8 mM of P-hydroxybenzoic acid and 3.2 mM bis-tris ((2-hy-droxyethyl) imino-tris (hydroxyl methyl) methane) with fl ow rate of 1.2 ml·min −1 under an oven temperature of 37°C. At these conditions, the retention time of chlorine anion was observed at 4.6 min.
Procedures
The desired concentrations of 2-CP (50, 100, and 150 ppm) were made in double-distilled water and then placed in 40-ml airtight cap vials followed by irradiation at the selected doses. Different experimental conditions were investigated to explore their effects on 2-CP radiolytic degradation and detoxifi cation. These conditions are absorbed doses, initial concentration, pH media, chloride ion formations in water radiolysis, and concentration of hydrogen peroxide (H 2 O 2 ). Immediately after irradiation, HPLC under the previously mentioned conditions was used for analyzing the irradiated and non-irradiated samples. All irradiation studies were carried out in doublets and compared to the corresponding non-irradiated controls. The average was calculated to describe the degradation of the 2-CP in tested aqueous solutions. Similarly, toxicity measurements were performed for control as well as irradiated samples and were compared. For pH adjustment, diluted solutions of sodium hydroxide (NaOH) and hydrochloric acid (HCl) were used to adjust the selected initial pH of 2-CP solutions (ranged from 4 to 9). For the experiments with H 2 O 2 , stock solution of H 2 O 2 was directly introduced into the targeted samples at selected concentrations and then the samples were subjected to irradiation.
G-value
Removal efficiency, G-value of 2-chlorophenol (defi ned by the number of molecules formed (or destroyed) in solution absorbing 100 eV (radiation energy) was calculated at each absorbed dose using Eq. (1) [29] : (1) where [R] is the change in 2-chlorophenol concentration [mol·l
17 is the conversion factor from Gy to 100 eV·l −1 , and N A is Avogadro's number (6.02 × 10 23 ). The change in G-value was used to evaluate the effect of 2-CP concentration, pH (acidic and basic), and oxidizer (hydrogen peroxide).
Dose constant
The dose constant, K, is the slope of the line of natural logarithm (ln) of the 2-CP concentration [M] vs. dose [kGy] . These dose constants were used to calculate the dose required for 50% and 90% 2-CP degradation (D 0.5 and D 0.9 values) using Eqs. (2) and (3) [29] . 
Toxicity measurements
The Microtox ® test based on bioluminescent marine bacterium Vibrio fi scheri was performed in order to evaluate the potential toxicity for the irradiated 2-CP solutions. Measurement of toxicity was performed within 24 h after irradiation. In our investigation, the toxicity was tested after 15 min of exposure. Two per cent NaCl solution was used as reference solution to calculate bacterial light intensity. Owing to potential toxicity of H 2 O 2 , less than 1 mg MnO 2 ml −1 was added to the irradiated solutions and kept for 1 h to eliminate residual effect of H 2 O 2 from irradiated samples [30] . The effective concentration value that is needed to reduce the bacterial luminescence by 50% (EC50) was calculated from the change in the luminescence intensity in the treated samples [31] [32] [33] .
Results and discussion
Effects of different conditions on radiolytic degradation of 2-CP
Initial concentration and irradiation dose
As can be seen in Fig. 1 , there is a gradual increase in the removal of 2-CP as the irradiation doses increase, which is consistent with previous studies [17, 34] . A removal of at least 90% has been achieved for the entire range of 2-CP concentrations. Notably, the lower concentration of 2-CP showed greater degradation and hence higher removal. This can be understood by considering the stoichiometry of the oxidation reaction. For example, a given ionizing radiation dose produces a given amount of 
OH
• radicals that will completely oxidize a given concentration of 2-CP and in contrast will result in an incomplete reaction for higher concentrations. The required doses to decompose 50% and 90% of 2-CP (D 50 and D 90 ) were calculated. Consistent with our observation in Fig. 1 , the results in Table 1 clearly demonstrate that higher concentrations of 2-CP require higher doses and vice versa. Evidently, D 50 and D 90 are higher for 150 ppm (12.37 and 24.65 kGy, respectively) than that for 50 ppm (6.79 and 18.56 kGy, respectively).
The removal efficiency of 2-CP can be quantitatively described in terms of G-value. Data in Table 1 suggests that the calculated G-values for the irradiated concentrations of 2-CP at different doses are dependent on concentration and irradiation dose. Two main trends can be observed from the G-values in Table 1 . At a given 2-CP concentration, the G-value [mol·J −1 ] decreases with increasing irradiation dose. However, across the investigated 2-CP concentrations, G-value increases with increased 2-CP concentration. These relationship results support our observation in Fig. 1 Table 1 . The higher 2-CP concentration requires higher irradiation dose to achieve complete decomposition.
From our initial investigation, the concentration of 2-CP was found to be a crucial factor that significantly infl uence the degradation effi ciency.
H 2 O 2 oxidizer
For commercial application of gamma irradiation technology in water and wastewater treatment plants, low irradiation doses are highly favoured to be economically feasible [10] . H 2 O 2 is a powerful oxidizer commonly used for wastewater treatment [35] . Coupling AOPs with H 2 O 2 has been proven to improve the degradation effi ciency and reduce the required irradiation doses [33, 36] . But this is the fi rst time that irradiation treatment is coupled with the use of H 2 O 2 for removal of 2-CP in water solutions.
2-CP at a concentration of 100 ppm in neutral pH solutions (pH of 6.8) was selected to study the effect of adding the strong oxidizing agent H 2 O 2 on the radiolytic degradation behaviour. Figure 2 shows that gradual increase in the concentration [%] of H 2 O 2 in the tested 2-CP solutions resulted in a signifi cant enhancement in the removal effi ciency of the target molecule. This is evident from our observation that the required irradiation doses for 50% and 90% degradation (D 50 and D 90 ) was reduced from 9.49 and 20.55 kGy (calculated in Table 1 ) to at least 2.08 and 6.93 kGy, respectively, by adding H 2 O 2 . Therefore, the addition of H 2 O 2 seems to have a positive effect on the radiolytic degradation of 2-CP. It should be noted that no further improvement in the removal effi ciency was observed upon increasing the concentration of H 2 O 2 beyond 0.5% (Fig. 2) , which could be due to the scavenging effect of excess H 2 O 2 on hydroxyl radicals [37] . Hence, this particular H 2 O 2 concentration is recommended for similar experimental conditions.
It is known that scavenging the hydrated electron (e − aq ) and hydrogen atom (H • ) during AOP is necessary because these species signifi cantly decline the degradation effi ciency of a given target molecule [13, 21, 35] . In the present work, stronger oxidizing conditions can be enhanced by adding H 2 O 2 that scavenges the reducing species e − aq and H
• and consequently explains the enhanced degradation behaviour seen in Fig. 2 . Complete degradation of 2-CP was achieved by the interaction of free hydroxyl radicals with the solute molecules which is in agreement with the reported data for other phenolic compounds [33, 38] .
pH of aqueous solutions
2-CP with a concentration of 100 ppm was selected to evaluate the effect of pH values on the degradation effi ciency. Figure 3 shows the degradation effi ciency as a function of absorbed dose. Both acidic and alkaline conditions (pH 4 and pH 9) enhanced the degradation effi ciencies in comparison to the neutral pH. However, the degradation enhancement associated with pH 4 was greater than pH 9. Evidently, D 50 and D 90 were reduced upon increasing the acidity or alkalinity and the reduction was greater with the acidic conditions. For example, the D 50 was reduced from 9.49 to 4.78 and 6.41 kGy when the pH was changed to 4 and 9, respectively. Similarly, The greater reduction in the required absorbed dose for 2-CP degradation at pH 4 in comparison to other media can be attributed to the enhanced release of chloride ions in the acidic condition. The pKa of 2-CP falls in the range 8.3-8.6 [1] , which indicates that the molecule will be protonated at pH 4 and will aid the release of Cl 
Analysis of degradation by-products in irradiated samples
As clearly demonstrated, 2-CP can be decomposed effi ciently under ionizing gamma irradiation, which fulfi ls the primary objective of the present work. The secondary purpose of this study was to identify the degradation by-products and examine the toxicity levels after irradiation. These objectives are particularly crucial for commercial application of ionizing radiation in water and wastewater treatments. The decomposition of 2-CP at low doses resulted in the formation of phenol molecules and chloride ions, as shown in Scheme 1. These by-products were identifi ed using HPLC and ion chromatography (IC) as described in details in the experimental section. Higher irradiation doses yielded simpler and unidentifi ed by-products in addition to chloride ions (Scheme 1). The formation of phenol and chloride ions were determined in the irradiated 2-CP aqueous solutions at pH 6.8 and in the presence of hydrogen peroxide. Figure 4 shows the formation of phenol and chloride ion in the irradiated solutions, of pH 6.8 with no H 2 O 2 , as a function of increasing absorbed doses. Chloride ion concentration increased progressively with increasing doses, to reach a maximum release of 27% of the original 2-CP concentration (100 ppm). Zona et al. reported that almost 100% of chloride ions were released upon treating 2-CP with gamma irradiation [33] . The differences observed here could be attributed to the different experimental conditions conducted by the authors including lower 2-CP concentration (50 ppm) and higher pH (8) (9) . Additionally, chloride ions could undergo further reactions to form insoluble products or species that cannot be detected by the IC.
On the other hand, the concentrations of phenol increased up to 24 ppm at 15 kGy and decreased slightly at the remaining irradiation doses (20-30 kGy). These results suggest that higher irradiation doses not only cause the removal of chloride ions from 2-CP but also lead to the formation of other radiolytic products such as benzene ring. Our observation in this study is consistent with previous decomposition studies of other phenolic compounds conducted with different AOPs [21, 34] .
From our initial studies with H 2 O 2 , the optimum degradation enhancement of 2-CP associated with H 2 O 2 concentration of 0.5%. Thus, this concentration was used for the identifi cation of irradiation by-products. The results of phenol and chloride ion formation are unexpectedly different from those observed in Fig. 4 with neutral pH. The concentrations of phenol and chloride ion were only detectable at the initial irradiation doses beyond which the concentrations were below the detection limit of HPLC and IC. The resolved concentrations of phenol and chloride ion are 25 and 12 ppm and 9 and 26 ppm, respectively, for irradiation doses of 1 and 5 kGy, respectively. Phenol molecules can be further oxidized to simpler products such as benzene rings at higher irradiation doses that explains the inability to detect phenol at irradiation dose higher than 5 kGy. However, chloride ions are the simplest form of this species and can go no further decomposition. Under H 2 O 2 condition, the formation of Cl −1 could be followed by recombination with other volatile or insoluble species [34] that prevent the detection by IC.
Toxicity examinations
The principal aim of the irradiation treatment of various pollutants does not necessarily require complete mineralization and removal but suffi cient reduction of the toxicity presented by pollutants [29] . Furthermore, it is widely known that radiolytic degradation of organic pollutants in some cases may lead to the formation of more toxic products than the original substances [1, 3] . Hence, monitoring of toxicity changes during radiolytic degradation of 2-CP is essential for the qualifi cations of the irradiation treatment of toxicity for environmental protection. In this study, we used Microtox ® bacterial tests to evaluate the toxicity of 2-CP under various experimental conditions. Microtox is widely used for toxicity examination and relies on using luminescent V. fi scheri bacteria [31, 32] . This type of bacteria was particularly selected because of its high sensitivity towards most organic toxicant, high reproducibility, and rapid test results [39] .
Effects of ionizing gamma radiation on toxicity of 2-CP
For these experiments, 2-CP at a concentration of 100 ppm in neutral pH solutions was irradiated at the previously determined D 50 and D 90 doses, and at additional higher radiation doses. The effective concentration value that is needed to reduce bacterial luminescence by 50% (EC50) was calculated from the change in the luminescence intensity in the treated samples [31] [32] [33] . Figure 5 shows the change in EC50 values as a function of irradiation dose. Clearly, EC50 values (data labelled as no H 2 O 2 ) increased gradually with increasing doses, which indicate that the toxicity of 2-CP is substantially reduced.
Our result is consistent with previously documented toxicology data for 2-CP, where high irradiation doses (0.4-1 kGy [33] and 5-20 kGy [25] ) caused a reduction of the toxicity of the target compound. It should be noted that the toxicity of the decomposition by-products substantially increased below these irradiation doses (0.4-1 kGy and 5-20 kGy) [25, 33] , indicating that some of the newly formed by-products (under low irradiation doses) could be more toxic than the parent compound. In the present study, no increase in the toxicology of the by-products is documented because the lowest irradiation dose is higher than the highest dose quoted by [25, 33] . We extended the toxicity investigation to cover other experimental conditions such as the relation between toxicity and by-products formed under the effect of a strong oxidizing agent or toxicity of the by-products formed under acidic or alkaline conditions, which will be discussed in the following sections. These investigations are particularly vital to guide the future implementation of the irradiation technology in this fi eld.
Effects of H 2 O 2 on the toxicity of 2-CP
In order to study the effect of H 2 O 2 on toxicity, 2-CP at a concentration of 100 ppm in neutral pH solution was spiked with 0.5% H 2 O 2 and irradiated at the previously determined D 50 and D 90 doses (associated with 0.5% H 2 O 2 ) and at an additional higher radiation dose (6 kGy). Figure 5 shows a comparison between EC50 values in the presence and absence of 0.5% H 2 O 2 . Although irradiation dose range for both cases is not the same, we can confi dentially conclude that the addition of H 2 O 2 causes signifi cant reduction because the toxicity of 2-CP at lower doses is lower than the samples with no H 2 O 2 at higher doses. For example, as shown in Fig. 5 , the EC50 value (47 ppm) for a sample with H 2 O 2 that was irradiated at a dose of 6 kGy is signifi cantly higher than the EC50 value (29 ppm) associated with the sample irradiated at 9.5 kGy and contained no H 2 O 2 . It should be noted that the potential toxicity of H 2 O 2 was eliminated prior to the toxicity experiments by adding MnO 2 to the investigated solutions [30] . The fact that MnO 2 did not exhibit toxicity and no change in the intensity of luminescent V. fi scheri bacteria was confi rmed. The toxicity results are consistent with our initial degradation experiments (Section "H 2 O 2 oxidizer" and Fig. 2 ) that the addition of H 2 O 2 enhances the decomposition of 2-CP molecules. The toxicity results also confi rm that the toxicity of the oxidation by-products produced under gamma irradiation treatment with H 2 O 2 is substantially reduced.
Effects of pH of aqueous solutions on the toxicity of 2-CP
Toxicology studies were extended to investigate the effect of various pH levels of 2-CP solutions with a concentration of 100 ppm. The effect on the toxicity was evaluated based on the change in EC50 values. Figure 6 shows different datasets of EC50 values corresponding to different pHs plotted against different irradiation doses (D 50 , D 90 , and 30 kGy). Consistent with the previously discussed removal effi ciencies data presented in Fig. 3 , changing the pH to acidic or alkaline conditions enhanced the degradation effi cacy and consequently enhanced the reduction in the toxicity of 2-CP, seen as increased EC50 values in Fig. 6 . However, it should be stated that the toxicity of 2-CP in acidic media (pH 4) is reduced to a lesser degree compared to alkaline media (pH 9). These observations contradicted the observed trends in Fig. 3 that greater 2-CP degradation was accomplished at pH 4 than at pH 9. These discrepancies can be attributed to the fact that excess chloride ions in acidic media can present additional toxicity to V. fi scheri bacteria and compensate the reduction in 2-CP toxicity [40, 41] .
Conclusions
This study presented a thorough investigation of the radiolytic degradation of 2-CP in aqueous solutions by ionizing gamma radiation. A dose--dependent degradation was established with at least 90% of 2-CP concentrations being removed at an irradiation dose as low as 25 kGy. To validate the economic and technical viability of irradiation technology in water treatment processes, the effect of various experimental conditions such as adding H 2 O 2 and varying the pH of the media to acidic or alkaline was investigated. The addition of H 2 O 2 to 2-CP solutions reduced the required dose to achieve 90% removal to at least 1.3-fold. The reduction in radiation doses was also observed in acidic and alkaline media, bringing the required doses of 90% removal to at least 0.4-fold. Furthermore, the oxidation by-products have been elucidated, using HPLC and IC, and found to be primarily phenol molecules and chloride ions. Toxicology bioassay experiments were conducted. It was concluded that irradiating the samples with increasing doses gave positively proportional reduction in the toxicity of 2-CP and the toxicity reduction could be enhanced by adding a strong oxidizer such as H 2 O 2 and changing the pH to acidic or alkaline conditions. These fi ndings will contribute to the implementation of gamma irradiation technology to eliminate biologically resistant compounds from water.
